It is pointed out that important contribution to neutrino masses and mixing can come from flavour violating slepton exchange. For low and intermediate tan β such effects can dominate over the usual tau Yukawa coupling effects included in the renormalization group evolution. The mixing angles satisfy then the relation different from the fixed point solution of the renormalization group equation, and the desired neutrino mass splitting can be generated. PACS number(s): 14.60. Pq, 14.60.St, 12.60.Jv Typeset using REVT E X 1
Observation of atmospheric [1] and solar neutrinos [2] provides important indications that neutrinos oscillate between different mass eigenstates. If we leave out the not yet confirmed LSND result [3] , the atmospheric and solar neutrino oscillations can be explained in terms of three known flavours of neutrinos. We have then |∆m 2 | ≡ |m −3 eV 2 for the atmospheric neutrino oscillation. Moreover, combining the information on the solar and atmospheric neutrino mixing angles with non-observation of the disappearance ofν e in the reactor experiment [4] , for each solution (LAMSW, SAMSW, VO) to the solar neutrino problem we can infer the gross pattern of the 3x3 neutrino mixing matrix
  
(1) with sin 2 2θ 1 ≈ sin 2 2θ atm > 0.82 and U 2 13 = s 2 2 < 0.2. Another important experimental information comes from non-observation of neutrinoless double β decay [5] , which provides a bound on the (ee) component of the neutrino mass matrix, that is, 
The question of theoretical explanation of neutrino masses and mixing has been discussed in a large number of papers [6] . The measured neutrino mass matrix is linked to the fundamental mass generation by two steps. The first one is some flavour violation in the lepton sector which may have origin at a certain fundamental scale. The second step consists of including quantum corrections to obtain physical neutrino masses. The leading effects can be taken into account by the renormalization group (RG) evolution from a fundamental scale M to the weak scale M Z . An interesting question is the stability of various mass textures assumed at M with respect to quantum corrections. Recently, there have been many papers dealing with this issue [7] [8] [9] [10] [11] in the context of the see-saw mechanism which generates tiny neutrino masses below the Majorana scale M.
In this letter, we point out that, in addition to the corrections due to lepton Yukawa couplings usually included in the RG evolution and already encoded in the tree-level neutrino mass matrix at the weak scale, important contribution can come from flavour changing slepton exchange. We estimate such effects in one-loop approximation and then discuss their potential impact on the neutrino mass and mixing patterns at the scale M Z .
The one-loop corrected neutrino mass matrix is
Here I ab 's (defined in the tree-level mass eigenstate basis) are related to the quantities I w ij (defined in the flavour basis) as follows;
Note that, in the flavour basis, charged lepton masses are diagonalized but sleptons may have flavour changing masses. We calculate I w ij coming from slepton flavour mixing. There are diagrams involving only left-handed (LL) or right-handed (RR) slepton mixing, and leftright mixing (LR). The latter two involve charged lepton Yukawa couplings and thus become sizable for large tan β. For the order of magnitude discussion in this letter, we estimate only (LL) type [see Fig. 1 ] adopting the mass insertion method as in Ref. [12] . For this, one introduces δ l ij ≡ ∆ ij /m imj for i = j wherem 2 i and ∆ ij are the diagonal and off-diagonal components of slepton mass matrix in the flavour basis, respectively. We then have
where
. Note that we treated the charginoW − as a mass eigenstate for the sake of simplicity and there is also a similar contribution from the zino exchange which we neglect.
The first question we can address is what are the upper bounds on flavour off-diagonal slepton mass matrix elements (i.e. δ l ij ) which follow from the requirement that our new contribution is consistent with the observed neutrino mass matrix at the scale M Z , without the necessity of large cancellations among different contributions. To this end, let us recall that the following low energy mass patterns are consistent with the experimental data:
2 (full degeneracy) Here we have taken the patterns with partial or full degeneracy since the fully hierarchical pattern gets essentially no change as can be inferred from Eq. (3). In the leading approximation (up to terms O(I 2 ab ), a = b), the one-loop correction to the mass eigenvalues is given by m a → m a (1 + I aa ) and thus we get the bounds
where the second inequality applies only for pattern (iii). Taking one insertion I w ij at a time, degenerate uncorrected neutrino masses and degenerate diagonal slepton mass matrix elements, and without resorting to cancellations among the mixing elements U ab , Eqs. (4, 6) give the bound on the chosen I w ij . For LAMSW or SAMSW values of ∆m 2 , in case (i) with 10
, we get no bounds on δ l ij 's. Similar conclusion holds in case (ii). In case (iii) we get the bound
In order for the VO solution to be realized, severe bounds have to be fulfilled;
for (i, ii) or (iii). These bounds have to be contrasted with the present experimental limit on the flavour changing masses coming from µ → eγ decay which reads δ l 12 [12, 13] . Thus, our considerations put for some of the textures much stronger bounds, which are insensitive to the values ofm i . There are also limits on the splittings among the diagonal masses. For instance, ifm 1 = m 2 =m 3 , we have I ). This puts the same bounds as in Eqs. (7, 8) to the quantity,
assumingm i ≫ mW − . Note that this quantity vanishes at the point U , like the tau Yukawa coupling contribution [10, 11] . Otherwise, high degeneracy among the diagonal slepton masses is required when the VO solution with a degenerate mass pattern is realized in supersymmetric models.
The next question we ask is whether flavour mixing in the slepton sector can play a positive role in generating the desired neutrino mass splitting and mixing angles with degenerate textures assumed at the scale M. From the discussion above one sees that indeed there is some room for that. Such effects come on top of the usual tau Yukawa coupling effects included in the RG evolution, which contribute to the mass-squared difference ∆m ii can be important even for a 10% violation of universality of the diagonal slepton masses. In addition, those generic orders of magnitude can be modified in special cases when e.g. the leading Yukawa coupling effects cancel out due to special relations between the mixing angles.
Let us now discuss the three mass patterns in turn. For obtaining LAMSW or SAMSW solution with pattern (i) or (ii), the slepton loop corrections could be important only for maximal flavour mixing δ , it looks unrealistic. We expect therefore that in those cases the conclusions based on the usual tau Yukawa coupling effects included in the RG evolution remain unaltered and we focus our discussion on the VO solution and on pattern (iii) in general. For the VO solution with (i) or (ii) we consider two cases.
• m 1 = m 2 : We recall that this initial condition places us at the scale M in the infrared fixed point U 31 = 0 or U 32 = 0 [9, 11] . At the fixed point, small solar mixing θ 3 ≪ 1 requires the smallness of s 2 ≪ 1, and large mixing is consistent with a rather large value of s 2 2 < ∼ 0.2 [11] . Since ∆m For such a scenario, it is very interesting to discuss the impact of the slepton loop corrections on the mixing angles which, as we said above, must satisfy one of the relations U 31 = 0 or U 32 = 0 at the scale M. For that, we consider the rediagonalization of the one-loop corrected mass matrix (3) assuming that, for instance, I 
We can immediately conclude (or check by explicit calculation remembering that the angles θ i satisfy the relation U 31 = 0) that the final angles θ i satisfy the relation corresponding to 
Thus, the anglesθ 1 andθ 2 are fixed by the initial conditions [11] and the angleθ 3 is modified by the slepton loop corrections to satisfy Eq. (12) . We observe that, similarly to the RG fixed point relation U 31 = 0, the final relation (12) implies very small solar mixing fors (m 1 + m 2 )I 12 = 0. That is, all mixing angles are determined initially at M. Apart from the different behavior of mixing angles, the previous conclusions for ∆m 2 hold here as well. One additional aspect is that for pattern (ii) the ǫ τ contribution can be suppressed when U 2 31 = U 2 32 , a special case of which is the bimaximal mixing solution with s 2 = 0. The next-to-leading contribution of ǫ 2 τ is also absent under this condition [11] . It is interesting to observe that the desired value for ∆m 2 of the VO solution can, however, come from a very tiny slepton flavour mixing in I w ij . The most interesting case is the fully degenerate pattern (iii). An attractive feature of this pattern is the possibility of the cosmologically interesting mass range, m 3 ∼ 1eV . With only the tau Yukawa coupling effects, one cannot explain two distinct mass-squared differences. The slepton exchange contributions read
and it is interesting to check whether they can help to obtain the correct mass-squared differences. There are two realistic possibilities for |m 1 | = |m 2 | = m 3 .
• m 1 = m 2 = −m 3 : The slepton exchange modifies the mixing angles and gives the relation corresponding to Eq. (11), however, it does not modify the RG evolution result ∆m 2 ∼ ∆M 2 .
• m 1 = −m 2 = m 3 : This is the case where the mixing angle relation corresponding to I 13 = 0 [see Table I ] is realized. As above, the ǫ τ or I w ij dominance leads generically to ∆m 2 ∼ ∆M 2 . However, there is a texture to accommodate both ∆m 2 and ∆M 2 . This is the one with bimaximal mixing and the I w 23 dominance. As shown in Table I , this leads to s 2 = 0 at which U contribution. As a consequence, we have
implying that the bimaximal mixing solution can be obtained with I So far, we discussed the role of loop corrections due to flavour violation in the slepton sector in quite general terms, based on the fact that current experiments provide no serious constraints on I w ij except I w 12 . Indeed, our discussion to be more predictive, requires some theoretical framework for the soft sfermion masses departing from universality. As an example we take a supersymmetric SO(10) model with universal soft terms assumed at the Planck scale [13] . In this framework, the large top (neutrino) Yukawa coupling induces sfermion flavour mixing and a splitting of the third generation sfermion masses from the first two, due to RG effects from the Planck scale to the unification scale. This applies also to the left-handed sleptons which have the mass matrix in the flavour basis [12, 13] ;
where m 0 is the universal soft mass at the Planck scale and I G < ∼ m 2 . Note that the RG running of slepton masses from the the unification scale to the Majorana scale arising from Dirac neutrino Yukawa couplings [14] gives only small corrections to the included effect in Eq. (15).
In conclusion, we have discussed the effects of the flavour violating slepton exchange on the neutrino masses and mixing patterns. The requirement that this new contribution is consistent with phenomenologically acceptable mass matrices without necessity of large cancellation among different contributions gives for some mass patterns interesting upper bounds on flavour violation in the slepton sector. On the other hand, we find that for low and intermediate tan β values the slepton exchange contribution can be more important than the usual tau Yukawa coupling effect included in RG evolution from the Majorana scale M to the weak scale and can be responsible for the observed neutrino masses and mixing. For degenerate or partially degenerate mass textures at the Majorana scale, the dominance of slepton exchange contribution gives new relations among mixing angles, different from the RG fixed point solutions [11] . Finally we have discussed supersymmetric SO(10) unification as an example of predictive frameworks for the slepton flavour structure.
